OBJECTIVES: Liver metastasis develops in 60% of patients after resection of pancreatic adenocarcinoma (PAC) and carries a dismal prognosis, but factors predictive of liver recurrence are poorly understood. Experimental evidence suggests that liver metastasis of PAC is mediated by CXCL12/CXCR4 signaling and can be inhibited by CXCR4 antagonist. We aimed to verify whether CXCR4 expression predicts early liver recurrence and poor survival after resection, and to explore the usefulness of CXCR4 status for prognosis prediction. METHODS: Ninety-seven consecutive PAC patients undergoing R0 resection were analyzed. CXCR4 expression was analyzed by immunohistochemistry, and its associations with liver recurrence-free survival and overall survival were analyzed by KaplanMeier estimates and multivariable Cox and accelerated failure time regression models. RESULTS: CXCR4-positive patients had a worse prognosis than CXCR4-negative patients, with a shorter liver recurrence-free survival (median: 8.7 vs. 39.7 months; P ¼ 0.004) and overall survival (median: 10.2 vs. 22.3 months; Po0.001). Overall survival for CXCR4-positive stage IIa patients was similar to that for stage IIb patients and significantly shorter than that for CXCR4-negative stage IIa patients (median: 9.7 vs. 27.4 months; P ¼ 0.002). CXCR4 positivity was significantly associated with liver recurrence (adjusted hazard ratio 2.22, 95% confidence interval (CI) 1.15-4.30; P ¼ 0.018) and predicted a 46% (95% CI 9-68%) and 35% (95% CI 7-54%) reduction in liver recurrence-free survival and overall survival, respectively. CONCLUSIONS: Tumor CXCR4 expression independently predicts early liver recurrence and poor overall survival after resection of PAC. CXCR4 status stratifies stage IIa patients into two groups with a striking difference in prognosis.
INTRODUCTION
Although surgical resection may be curative for pancreatic adenocarcinoma (PAC), 1 relapse occurs in 80-85% of patients even after an R0 resection. [2] [3] [4] [5] As the major pattern of relapse, liver recurrence occurs in 60% of patients after surgery and predicts a dismal prognosis, with a median survival of 3 months. [2] [3] [4] [5] [6] However, factors predictive of liver recurrence are poorly understood, and adjuvant chemotherapy/chemoradiation provides only limited protection against liver recurrence.
2,5-7 Therefore, liver recurrence is the key contributor to relapse and mortality after resection of PAC, and novel approaches for risk stratification and therapy are urgently needed to improve the poor prognosis.
Chemokine-chemokine receptor interaction has critical roles in organ-specific metastasis. As chemo-attractants, chemokines bind to chemokine receptors on leukocytes and mediate their homing to specific organs by triggering cell migration toward the chemokine source. 8, 9 Similarly, aberrant expression of chemokine receptors in cancer cells mediates metastasis to organs expressing the cognate chemokines, and expression of different chemokine receptors predicts distinct patterns of metastasis/relapse. [10] [11] [12] The chemokine CXCL12 is highly expressed in the liver, 12 and aberrant expression of its receptor CXCR4 has been incriminated as a key mediator of liver metastasis in PAC, neuroblastoma, melanoma, colorectal cancer, and in cancers of the breast and lung. [10] [11] [12] [13] [14] [15] [16] Several lines of evidence support an important role for tumor CXCR4 expression in liver metastasis of PAC. In vitro, CXCL12 induces chemotaxis in CXCR4-expressing PAC cell lines. 17, 18 In vivo, transfection of CXCR4 confers metastatic ability to the PAC cell line and induces liver metastasis in nude mice, which is effectively inhibited by systemic administration of CXCR4 antagonist. 13, 19 CXCR4-positive cancer stem cells are also identified in the invasive front of human PAC, and depletion of this cell population abolishes its metastatic phenotype. 20 Although these experimental findings suggest that CXCR4 expression mediates liver metastasis in PAC and adversely affects prognosis, previous studies on CXCR4 status and survival after tumor resection yielded conflicting results. Marechal et al. 21 noted that CXCR4 expression predicted poor survival and was positively correlated with liver recurrence, but whether CXCR4 expression was an independent predictor of liver recurrence was not verified with adjustment for other prognostic factors. In contrast, two other studies found no association between tumor CXCR4 expression and survival after resection of PAC. 22, 23 This study aimed to verify whether CXCR4 expression in PAC confers a higher risk of liver recurrence and poor survival after tumor resection and to explore the usefulness of CXCR4 status for risk stratification and survival prediction.
METHODS
Patient selection and follow-up. This study was conducted at National Taiwan University Hospital (NTUH), a tertiary referral center. Patients who underwent tumor resection of PAC from 1995 to 2006 were reviewed, and those with complete resection and negative microscopic surgical margin (R0 resection) were considered eligible. Patients who died within 30 postoperative days were excluded. 22 Finally, 97 consecutive patients who underwent Whipple operation or radical pancreatosplenectomy with R0 resection and available specimens were included. After recovery from surgery, patients were followed up with detailed evaluation of symptoms, physical examination, laboratory studies including serum CA 19-9 level, and abdominal sonography. Patients were regularly followed up every 3 months if they were asymptomatic. If symptoms developed, patients were examined as soon as possible, usually within 1 or 2 weeks. Further examinations such as computed tomography or magnetic resonance imaging were performed when recurrence was suspected. Tumornode-metastasis (TNM) stage was defined according to the seventh edition of American Joint Committee on Cancer staging system. 24 Outcome data were obtained from medical records and Cancer Registry, Office of Medical Records at NTUH. The study protocol was approved by the institutional review board.
Assessment of CXCR4 expression by immunohistochemistry. All specimens were fixed in formalin and embedded in paraffin. For immunohistochemistry, tissue sections (4 mm) were cut from paraffin blocks, deparaffinized, rehydrated, and subjected to heat-induced epitope retrieval methods by immersing sections in sodium citrate buffer solution at pH 6.0 and then boiled for 10 min. After repeated rinsing with Tris-buffered saline, the sections were blocked for 20 min with Dual Enzyme Block (Dako, Carpentaria, CA) and incubated with monoclonal anti-CXCR4 antibody (clone 12G5, dilution 1:100; R&D Systems, Minneapolis, MN). The EnVision System was used on a Dako Autostainer instrument (Dako) according to the manufacturer's instructions. In each batch of CXCR4 staining, tissues from breast cancer served as positive controls, whereas omission of primary antibody was used for negative control. Furthermore, islets of Langerhans and acinar cells/ductal epithelium in non-neoplastic pancreas served as intrinsic positive and negative controls, respectively, in each section.
CXCR4 immunostaining was assessed by two independent pathologists (HY Huang and H Chiang) who were blinded to patients' clinical data. Staining quality was considered adequate if staining was noted strongly in islets of Langerhans but not in normal pancreatic acini and ductal epithelium. Staining was repeated if the above criteria were not met. The sections were rated as positive for CXCR4 if more than 20% of tumor cells were positively stained. 22 Discordant results were observed in o10% of cases and resolved by reevaluation and joint decision.
Definition of end points. The diagnosis of liver recurrence was based on the detection of new liver masses that were absent on preoperative imaging, progressed during subsequent follow-up, and could not be attributed to other diseases. Overall survival and liver recurrence-free survival were calculated from the date of surgery to death due to PAC and liver recurrence, respectively. For patients who had no liver recurrence, the liver recurrence-free survival was censored at the date of death or last follow-up. For overall survival, patients who were alive at last follow-up or died owing to other causes were censored at the date of last follow-up or death.
Statistical analysis. The Fisher exact test was used to compare proportions. Survival curves were graphed using the Kaplan-Meier method. The log-rank test was used to compare the equality of curves. The Cox proportional hazards (PH) regression model was used to evaluate the effects of CXCR4 on liver recurrence-free survival and overall survival, with adjustments for other prognostic factors, including sex, age (r60 years vs. 460 years), tumor extent (pT1/pT2 vs. pT3), tumor size (r2 cm vs. 42 cm), lymph-node-metastasis, pathologic grade (well vs. moderate/poor), lymphovascular permeation, perineural invasion, and adjuvant chemotherapy. The Akaikie information criterion (AIC) was used for variable selection, and proportional hazards assumption was checked by including time-dependent covariates in the model and by Schoenfeld residuals. 25, 26 To facilitate risk stratification and survival prediction, the accelerated failure time (AFT) regression models were used to estimate the acceleration factor of each prognostic predictor and to construct predictive models for survival duration and probability. [26] [27] [28] [29] Acceleration factor is the factor by which the survival is shortened (e.g., an acceleration factor of 3 means the survival shortens to one-third) when a predictor is present. [26] [27] [28] [29] AFT models with exponential, Weibull, loglogistic, log-normal, and generalized gamma distributions were evaluated to find the best distribution fitted to survival time, and AIC was used for variable selection and model building. 26, 27 For distributions nested within the generalized gamma family (exponential, Weibull, lognormal, and generalized gamma), goodness of fit of the models was evaluated by likelihood-ratio statistics. 26, 27 Fitting of the models was also evaluated graphically by Cox-Snell residuals and survival probability plots. Statistical software was used (SAS 9.2; SAS Institute, Cary, NC) for analysis. All tests were two-tailed, and
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differences were considered statistically significant if the P value was o0.05. The reporting recommendations for tumor marker prognostic studies (REMARK) criteria and strengthening the reporting of observational studies in epidemiology (STROBE) guidelines were followed for reporting the results.
30,31
Power of the study. The primary objective of this study was to evaluate CXCR4 as a predictor of liver recurrence after resection of PAC. Assuming an a value of 0.05 and a 1-year liver recurrence rate of 30% in CXCR4-negative patients, 48 patients in each group would provide 82 to 97% power to detect a clinically relevant difference in the survival curves corresponding to hazard ratios (HRs) between 2.57 and 3.47.
The power estimation was performed with nQuery Advisor 4.0 (Statistical Solutions, Boston, MA).
RESULTS

CXCR4 expression in pancreatic adenocarcinoma.
Positive CXCR4 immunostaining was noted in 44 (45.4%) of 97 tumors. In CXCR4-positive tumors, immunostaining was noted in at least 20% of the cancer cells and predominantly in the cytoplasm ( Figure 1 ). CXCR4 positivity was significantly associated with larger tumor size, lymph-nodemetastasis, and higher TNM stage (Table 1) . The estimated risk of liver recurrence by 6 and 12 months after surgery was 24.1 and 45.8%, respectively. In patients who developed liver recurrence, the median time from liver recurrence to death was 3.9 months. CXCR4-positive patients had a worse prognosis than CXCR4-negative patients, with a shorter liver recurrence-free survival (median: 8.7 vs. 39.7 months, P ¼ 0.004) and overall survival (median: 10. Risk stratification by CXCR4 status. As stage 1 patients usually comprise a minority of resectable patients (only 6 of 97 patients in this study), 3, 32 whether CXCR4 status could offer further risk stratification was analyzed in 91 patients with stage IIa or IIb disease. Although stage IIa patients were node-negative and as a whole had longer overall survival than the node-positive stage IIb patients (median: 23.0 vs. 11.6 months, P ¼ 0.014; Figure 2c ), overall survival for CXCR4-positive stage IIa patients was as poor as that for stage IIb patients and significantly shorter than that for CXCR4-negative stage IIa patients (median: 9.7 vs. 27.4 months, P ¼ 0.002) (Figure 2d ). Predictors of liver recurrence and survival. The results of Cox PH regression analysis are summarized in Table 2 . After multivariable adjustment, CXCR4 positivity was significantly associated with early liver recurrence (HR 2.22, 95% confidence interval (CI) 1.15-4.30, P ¼ 0.018) and poor overall survival (HR 1.78, 95% CI 1.02-3.09, P ¼ 0.041). Lymph node invasion and non-well-differentiated grade were also independently associated with poor overall survival.
Survival prediction with accelerated failure time models. Model building with various AFT models and results of the best fitting models are summarized in Tables 3 and 4 , respectively. For liver recurrence-free survival, generalized gamma distribution provided the best fit, and CXCR4 status, T, N, and pathological grade were included in the final model. The model provided a good fit to the data (Figure 3a ) and was significantly better than the best model without CXCR4 status (likelihood-ratio w 2 ¼ 4.941 with 1 degree of freedom, P ¼ 0.026). The acceleration factor of CXCR4 positivity was 1.85 (95% CI 1.10-3.10, P ¼ 0.020), meaning that the liver recurrence-free survival of CXCR4-positive patients was shorter than CXCR4-negative patients of the same T, N, and pathological grade by 46% ((1À1/1.85) Â 100%, 95% CI: 9-68%). The impact of CXCR4 positivity on liver recurrence-free survival was similar in magnitude to that of lymph node invasion (Table 4) .
For overall survival, log-logistic distribution provided the best fit, and the same predictors (CXCR4, T, N, and pathological grade) were selected into the final model. The model provided a good fit to the data, except at the very early and late phases after surgery, because a small number of patients died of PAC during the two periods (Figure 3b ). On the basis of the model, the predicted median overall survival in months was the exponential of 0.5578 Â NÀ0.8023 Â pathological gradeÀ0.5635 Â T) divided by À0.4465. 26 The predicted median overall survival and probabilities of survival for various combinations of the four TNM, tumor-node-metastasis. 
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predictors are summarized in Table 5 . The acceleration factor of CXCR4 positivity was 1.54 (95% CI: 1.08-2.19, P ¼ 0.016), meaning that the overall survival of CXCR4-positive patients was shorter than CXCR4-negative patients of the same T, N, and pathological grade by 35% ((1À1/1.54) Â 100%, 95% CI: 7-54%). The impact of CXCR4 positivity on overall survival was also similar to that of lymph node invasion (Table 4) .
DISCUSSION
Liver recurrence is the key contributor to relapse and mortality after resection of PAC, either by causing liver failure or by acting synergistically with factors such as cachexia/malnutrition and infection. Although experimental evidence supports a crucial role for CXCR4 in liver metastasis of PAC, whether CXCR4-positivity increases the risk of liver recurrence and poor survival after resection is not clear. In this study, we noted that the CXCR4 status independently predicted liver recurrence/overall survival after resection and stratified stage IIa patients into two groups with a striking difference in prognosis. These findings confirm the prognostic significance of CXCR4 in human PAC and imply that CXCR4 inhibitor might inhibit liver metastasis of PAC in humans as in animal models. 13 Multiple lines of experimental evidence suggest that liver metastasis of PAC is mediated by CXCL12/CXCR4 signaling and is amenable to treatment with CXCR4 antagonist. CXCR4 is not expressed in normal pancreatic ductal cells, but it is expressed in increasing frequency and intensity with progression from pancreatic intraepithelial neoplasia to PAC and with advancing tumor stage or metastasis. 17, 33, 34 Stimulation of CXCR4-positive PAC cell lines with CXCL12 induces cell proliferation/invasion and migration, and these responses can be inhibited by AMD3100 (Plerixafor), a highly specific CXCR4 antagonist currently used for harvesting hematopoietic stem cells. 17, 18, 33, 35, 36 More notably, transfection of CXCR4 confers metastatic ability to low-metastatic murine TD-2 PAC cell line and induces liver metastasis in nude mice, and this can be effectively inhibited by systemic administration of AMD 3100. 13 Our findings corroborate the above experimental evidence and indicate that CXCL12/CXCR4 signaling does have important roles in liver metastasis of human PAC and may be a therapeutic target. This is the first study to confirm tumor CXCR4 expression as an independent risk factor for liver recurrence and to demonstrate its usefulness in predicting survival after resection of PAC. In line with our findings, Marechal et al. 21 also found that CXCR4 positivity was an independent predictor of poor overall survival after resection of PAC. Although two other studies found no association between CXCR4 status and overall survival after resection, 22, 23 those studies might have insufficient statistical power. Maeda et al. 23 examined CXCR4 status and survival in 48 CD133-positive PAC patients in whom only 8 (16.7%) were CXCR4-negative; thus, the study was not adequately powered because of its small sample size and an imbalance between the number of CXCR4-negative and -positive patients. Gebauer et al. 22 also assessed CXCR4 expression with the same criteria as in our study, but the power of the study was also compromised by an imbalance between CXCR4-negative and -positive patients 
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(13.6% vs. 86.4%). In the current study, the proportions of CXCR4-negative and -positive patients were more balanced (54.6% vs. 45.4%), and using liver recurrence as an outcome also provided greater statistical power than using overall survival alone, as CXCR4 mediates liver recurrence and thus has a stronger association with liver recurrence than with overall survival. Our use of a different immunohistochemistry detection method and more representative tissue sections might be the reason why the proportion of CXCR4 positivity in our patients was lower than that in the study by Gebauer et al. 37 In our study, CXCR4 immunohistochemistry was performed with the Dako EnVision System, which is more reliable and specific than the traditional alkaline phosphatase anti-alkaline phosphatase (APAAP) technique used in the study by Gebauer et al. 37 False positivity is a major concern with APAAP. In comparison, EnVision has superior sensitivity, specificity, and reproducibility, because it uses artificial polymer-based detection, which substantially reduces crossreactivity and background staining. Second, we used a whole tissue section for the assessment of CXCR4 status, which is more representative than the tumor microarray (TMA) used by Gebauer et al. 37 The main disadvantage of TMA is that it may not be representative of the whole tumor, because it contains only a punch of 0.6 mm in diameter from the tumor. Furthermore, we also used islet of Langerhans and nontumor ducts present in whole tissue sections as internal positive and negative controls, respectively, to assess staining quality. Although adjuvant chemotherapy reduces local recurrence and prolongs overall survival after resection of PAC, 5, 39 it is much less effective in preventing liver recurrence. [5] [6] [7] Frequent expression of CXCR4 and its ability to promote liver metastasis in PAC may explain the well-known, but poorly understood, predilection for PAC to metastasize to liver 40 and why adjuvant chemotherapy provides only modest protection against liver recurrence. The ''seed and soil'' theory states that organ-specific metastasis is not a random process, but results from attraction of tumor cells (the ''seed'') by their target organs (compatible ''soil''). 41, 42 Therefore, liver is the perfect soil for CXCR4-expressing PAC cells because of its constitutive CXCL12 expression and anatomical proximity, 12 and inhibition of CXCL12/CXCR4 signaling may be crucial in preventing liver metastasis of PAC. Further research is needed to evaluate whether CXCR4 inhibitor can reduce liver recurrence in CXCR4-positive patients.
Our findings strengthen the view that CXCR4 expression enhances tumor invasion/metastasis ability and correlates with the risk of micrometastasis in PAC. The observation that CXCR4-positive patients were at high risk of liver recurrence and poor survival after resection indicates that the CXCR4 status should be evaluated to allow more precise risk stratification and underscores the need for more effective therapy for this high-risk subgroup. Future research should investigate whether more intensive or novel therapies such as CXCR4 antagonist can improve the poor prognosis of CXCR4-positive patients.
Besides risk stratification after tumor resection, our results suggest that preoperative evaluation of the CXCR4 status may facilitate the identification of high-risk patients and influence treatment selection. It is worth noting that occult systemic tumor dissemination occurs early in PAC, 5, 43 and a significant portion of PAC patients suffer liver recurrence/ mortality soon after tumor resection and probably benefit little from surgery. Similar to previous reports, 2, 6 an estimated 24.1% of our patients developed liver metastasis within 6 months after R0 resection and survived a median of o4 months after liver recurrence. These patients seemed to have similar prognosis as those of unresectable PAC treated with chemotherapy alone, 44 but were subject to potential morbidity associated with surgery, which occurred in 23.7% in a nationwide survey and could lead to in-hospital mortality, prolonged hospital stay, and delay in chemotherapy. 45 Our model suggests that tumor sampling should be considered in patients who are classified as stage IIa by computed tomography and endoscopic ultrasound (EUS), as prognosis varies significantly depending on the CXCR4 status, and the risk-benefit ratio of surgery should be weighed against alternative treatment strategies in patients predicted to have a poor prognosis (Table 5) . In contrast, patients with stage 1 disease have relatively good prognosis regardless of the CXCR4 status, and direct surgery can be recommended without tumor sampling. Further research is needed to confirm whether the CXCR4 status can be assessed preoperatively using tissue obtained by EUS-guided fine-needle aspiration and investigate its usefulness for treatment selection. This study has several strengths. The comprehensive follow-up of patients enabled timely detection of liver recurrence and investigation into its relation with CXCR4 expression. Although it was possible that some minute liver metastases might have been missed on sonography or computed tomography/magnetic resonance during followup, the associated misclassification of outcome should be independent of CXCR4 status and bias the risk-ratio estimate toward unity; 46 thus, this should not affect the validity of our results. Second, we used both Cox PH and AFT regression methods to ensure that our results are robust. The agreement between both methods in confirming the significance of CXCR4 and other known prognostic factors further strengthens our results. AFT regression analyses also have superior statistical power than Cox regression and provide direct predictions of survival duration and probability [26] [27] [28] [29] that can be easily used in the clinical setting for risk stratification and treatment planning. Our results also provide important insights into the significance of CXCR4 in PAC and have important clinical and research implications.
This study also has several limitations. As only patients from a single center were used to construct the predictive model, survival data of more patients from different populations are needed to evaluate its generalizability and to improve its predictive accuracy. Nonetheless, the survival of our patients and the predictions from our predictive model are remarkably comparable to data from other populations, suggesting that our model may have moderate generalizability. 4, 21 The median overall survival of patients with high CXCR4 expression reported by Marechal et al. 21 (9.7 months) was similar to our observation (10.2 months). The average 5-year survival rates for stage 1, 2a, and 2b predicted by our model (39.8%, 18.7%, and 12.8%, respectively) are also similar to those in the National Cancer Data Base (32.8%, 20.3%, and 15.0%, respectively), which involved more than 5,000 patients undergoing tumor resection. 4 Second, the influence of adjuvant chemotherapy could not be adequately evaluated in this study, as the patients were treated before the benefit of adjuvant chemotherapy was confirmed 5, 47 and only 17 patients (17.5%) received adjuvant chemotherapy. However, current adjuvant chemotherapy provides only limited protection against liver recurrence and modest survival benefit; [5] [6] [7] thus, the association between CXCR4 and liver recurrence/overall survival observed in this study might not be significantly altered with current adjuvant therapies. Data from patients receiving adjuvant chemotherapy are needed to evaluate the effect of adjuvant chemotherapy on predictive modeling of survival.
In summary, this study indicates that CXCR4 positivity is an independent predictor of early liver recurrence and poor overall survival after resection of PAC. These findings reaffirm the notion that CXCL12/CXCR4 signaling has crucial roles in liver metastasis of PAC, and CXCR4 status should be evaluated to optimize risk stratification and treatment selection. Future studies are needed to investigate the optimal treatment strategies taking the CXCR4 status into account and to explore the therapeutic potential of CXCR4 antagonists.
